The molecular mechanism of neural induction is still unknown and the identity of the natural inducer remains elusive. It has been suggested that both the protein kinase C and cAMP signal transduction pathways may be involved in mediating its action. On the other hand, induction of the ectoderm toward the neural pathway can be provoked simply by modifying the extracellular concentration ofdivalent cations (16, 17) . These observations and the availability of microspectrofluorimetric techniques prompted us to examine the role of Ca2+ in transduction of the neuralizing signal. We triggered in vitro neural induction on excised dorsal ectoderm explants of the urodele amphibian Pleurodeles waltl with the lectin Con A. This lectin is an inducer for both anurans and urodeles, acting at the plasma membrane level. So far, it is the only lectin known to have inducing activity (7, 8, 18 ).
On the other hand, induction of the ectoderm toward the neural pathway can be provoked simply by modifying the extracellular concentration ofdivalent cations (16, 17) . These observations and the availability of microspectrofluorimetric techniques prompted us to examine the role of Ca2+ in transduction of the neuralizing signal. We triggered in vitro neural induction on excised dorsal ectoderm explants of the urodele amphibian Pleurodeles waltl with the lectin Con A. This lectin is an inducer for both anurans and urodeles, acting at the plasma membrane level. So far, it is the only lectin known to have inducing activity (7, 8, 18 ).
Here we demonstrate that neural induction triggered by Con A involved the activation of L-type Ca2+ channels. In our system L-type Ca2+ channels are upmodulated by PKC, suggesting that inductive effects ofphorbol esters, previously observed on Xenopus ectoderm (9, 10) , may be partly explained by the activation of L-type Ca2+ channels. In addition, an increase in intracellular Ca2+ concentration ([Ca2+] ,) obtained by direct stimulation ofinternal stores by caffeine or ryanodine triggers neural induction. We conclude that an increase in [Ca2+] i is sufficient to induce the competent ectoderm toward the neural pathway.
In amphibians, neural induction takes place during gastrulation, as a consequence of an interaction between the chordamesoderm (inductive tissue) and the ectoderm (target tissue) (1, 2) . Although numerous unrelated substances can act as inducers (2, 3) , the natural inducer remains unidentified. Recently an endogeneous soluble protein, noggin, has been shown to have neural inducing activity in Xenopus (4) . It has been also suggested that the inhibition of the signal transduced by the activin type II receptor leads to neuralization (5) . Follistatin, a natural antagonist of the activin receptor, can induce neural tissue in vivo (6) . Further, the inducing signal from the chordamesoderm is recognized at the level of the plasma membrane of the ectoderm (3, 7, 8) . Work with Xenopus embryos has led to the suggestion that activation of protein kinase C (PKC) by phorbol esters leads to neural induction (9) (10) (11) (12) . An increase in cAMP-dependent protein kinase (PKA) activity during neural induction has also been observed (11) , suggesting a cross talk between PKA and PKC. Additional support for a role of a PKC pathway in neural induction is provided by phorbol ester induction of the neural-specific src+ mRNA in dorsal competent ectoderm of Xenopus embryo (13, 14) .
Recently, a direct examination of ionic signaling (15) has revealed that dorsal ectoderm cells of Xenopus undergo an increase in internal pH in response to the neural inducing signal, suggesting that intracellular alkalinization may participate in gene expression associated with neural induction.
MATERIALS AND METHODS
Chemicals. Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA) AM and fluo-3AM (Molecular Probes); nifedipine, nimodipine, staurosporine, and ionomycin (Sigma); and phorbol 12-myristate 13-acetate (PMA) and 4a-phorbol 12-myristate 13-acetate (4a-PMA) (Research Biochemicals, Natick, MA) were prepared as stock solutions in dimethyl sulfoxide and used at appropriate concentrations. (S)-(-)-Bay K 8644 (Calbiochem), isradipine (Research Biochemicals), and Ryanodine (Sigma) were dissolved in absolute ethanol. Control experiments have shown no biological effect ofthese solvents. Con A (IBF, Villeneuve-la-Garenne, France) and succinyl-Con A (Sigma) were dissolved to constitute stock solutions of 2 mg/ml in Holfreter medium (containing 0.88 mM Ca2+) and used at 300 ug/ml (7, 8) . Caffeine (Sigma) was dissolved in distilled water.
Explant Preparation. Dejellied embryos from P. waltl were maintained in Holfreter medium (60 mM NaCl/0.67 mM KCl/0.88 mM CaCl2/5 mM Tris, pH 8.5). All stages refer to those of Gallien and Durocher (19) . Explants of competent (stage 8a) ectoderm from the dorsal side and noncompetent (stage 6) ectoderm of P. waltl (8) (20) .
Immunocytochemistry. Neurons and glial cells were characterized with antibodies directed against specific antigenic markers of neurofilaments or the NC1 epitope, which in Pleurodeles cultures is expressed on the membrane of differentiated neurons (21) , and glial fibrillary acidic protein (GFAP) (22) . Immunocytochemical experiments were carried out as described (21) . Direct observation by confocal microscopy (LSM, Zeiss) allowed us to visualize neural cells.
RESULTS
In P. waltl the neural competence of the ectoderm starts at stage 7 and this tissue can no longer be induced after stage 12 (18, 23) . In response to ConA (300 ug/ml) added to the external medium, [Ca2+]i rose in stage 8a ectoderm explants as revealed by fluo-3 (see Fig. 2A ). This rise could be detected <20 min after addition of ConA, and its maximum corresponded to 10-25% ( [Ca2+]i was detected following treatment with the noninducing lectin succinyl-Con A at 300 pg/ml (n = 5) ( Fig. 2A Inset) .
(ii) Noncompetent ectoderm treated with Con A at 300 pg/ml (Fig. 1 C and D) . The above results demonstrate that Con A acts via L-type Ca2+ channels. We sought to determine whether neural induction could also be triggered by Ca2+ freed from intracellular stores. To answer this question, we used drugs that liberate sequestered Ca2+ from intracellular organelles. One form of Ca2+ release involves the activation of ryanodineand methylxanthine-sensitive stores (28) . The actions of ryanodine and caffeine on dorsal ectoderm were thus examined. In stage 8a ectoderm, caffeine (20 mM) had a pronounced effect on internal Ca2+ release, triggering a 30% increase in [Ca2W]i (mean ± SEM, 32 ± 11.2%, n = 8 explants, 19 cells measured) (Fig. 3A) . [Ca2W+i peaked in 1 min and then declined gradually during 20 min. Ectoderm cells exposed to caffeine for 30-180 min differentiated into immunocytochemically identifiable neuron and glial cells after 5-6 days of culture, confirming the neuralizing effect of (Fig. 1). (B (Fig. 1 E and F) . Ryanodine added to the external medium triggered a continuous [Ca2+]i increase (Fig.   3B ), although its amplitude was less than that provoked by caffeine (mean ± SEM, 7.5 ± 2.6%; n = 5). Like caffeine, ryanodine triggered neural induction in the in vitro system despite the weak amplitude of Ca2+ release. Thus a rise in
[Ca2+]i, above threshold value, irrespective of the mechanism by which [Ca2+]j is increased, is sufficient to neuralize competent ectoderm cells.
Activation of PKC by phorbol esters triggers neural induction (9) (10) (11) (12) . Protein phosphorylation by PKC is one of the mechanisms of Ca2+ channel regulation. Indeed, PKC can exert inhibitory or stimulatory effects on L-type Ca2+ channels (29, 30) . This led us to hypothesize that the inductive effect of phorbol esters might occur via activation of Ca2+ channels, either directly or indirectly (30) . The fluorescence usually increased gradually, reaching a maximum in 5-10 min (Fig. 4A) , and returned to the resting level in 10-20 min. Control experiments designed to validate the direct action of PMA on PKC activation involved the use of staurosporine, a known PKC inhibitor, and 4a-PMA, a phorbol ester that is inactive with respect to PKC. The average change in fluorescence level triggered by 500 nM PMA was decreased to under 2% when dorsal ectoderm was preincubated for 40 min with 500 nM staurosporine (Fig. 4B) . In addition, 4a-PMA (500 nM) produced no significant effect (1994) has been described to be involved in neural induction (10) (11) (12) . Here we suggest that one role of PKC may be to regulate L-channel activity. Such a role has been described in numerous systems (29, 30) . In our system, the effect of PMA may also be explained by an upmodulation of Ca2+ channels. In fact, our results showing that the [Ca2+]i increase triggered by Con A is abolished by the PKC inhibitor staurosporine and that the [Ca2+], increase triggered by PMA is inhibited by nimodipine confirm the control of this Ca2+ permeability by PKC. Consequently, neural induction mediated by phorbol esters (10-12) may be partially interpreted as a direct action of PKC on Ca2+ channels. Phosphorylation by PKC could increase channel activity by various mechanisms: PKC could act by direct phosphorylation of a component of L channels (30) . It has been suggested that stimulation of PKC in Aplysia neurons recruits a covert type of Ca2+ channel (34) . On the other hand, it has been shown in many cell types that PKC downmodulates the activity of other voltage-activated channels, particularly K+ and Na+ channels. Therefore the induced depolarization may indirectly activate voltagedependent Ca2+ channels (35) . The total inhibition by staurosporine of Con A-triggered neural induction can be explained by at least two mechanisms: an inactivation of L channels or a direct effect of Con A on PKC. The latter possibility is unlikely, since PKC is a regulatory component which is located downstream (30) .
Neural induction takes place as a result of the activation of specific sets of genes. How then might an increase in Ca2+ activate genes? Protein products of immediate early genes appear to play a critical role in long-term changes in cell function (36) . During differentiation of PC12 cells stimulated by depolarizing agents, an increase in [Ca2+]i resulting from the activation of L-type Ca2+ channels leads to the activation of immediate early genes such as c-fos orjun-B, in <20 min after the opening of the channels. The mechanism by which Ca2+ influx activates transcription of c-fos orjun-B has been characterized (37) . It involves the phosphorylation of transcription factor CREB (cAMP response element-binding protein) which is directly mediated by a calmodulindependent protein kinase. The function of CREB then could be to integrate various signaling pathways resulting in gene expression. Among these, one can include follistatin, which is responsible for neural induction by blocking the activin receptor (5, 6) . In our system, a similar mechanism of CREB phosphorylation following a [Ca2+]i increase can be considered. In this respect, it is interesting that a transient variation of [Ca2+] , (whatever its provenance, either from external medium or from internal stores) of <30 min (i.e., caffeine or Bay K 8644 effects) is sufficient to drive the competent ectoderm toward neural determination.
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